From the early 1980s onward, construction practice in rural China has shown a gradual transformation from using locally available materials to urban-like and highly processed modern building materials. This transition may have a significant impact on a building's environmental performance, such as its indoor thermal comfort and embodied energy intensity. This paper examines three types of houses built in a village in China in the 1970s, the 1980s, and the 1990s. The research indicates that replacing traditional materials with modern ones has not improved the indoor thermal comfort equally with the increase of embodied energy input. Dismantling traditional houses to give way to new houses with modern materials is not the way to improve indoor thermal comfort. The buildings completed in the 1980s and the 1990s in rural China require special attention in future thermal retrofitting plans.
Introduction
China's rural villages have been experiencing radical transitions since the early 1980s, when the People's Republic shifted its political focus towards modernization and economic development. Since then, Chinese cities have embraced a rapid process of urbanization, while villages have been left far behind in socio-economic development. In general, the development of most Chinese villages often falls into two directions: to be gradually abandoned and then demolished for new urban-like development, or to undertake a similar modernization process and become small towns. Both directions have led to an irreversible loss of the local or vernacular characteristics that have naturally evolved over time. Along with the fading away of traditional village patterns and architecture forms, it is sobering that there is a clear shift from natural and vernacular construction materials to modern manufactured ones. Such a transition, as observed by Mani and Reddy [1] and Shastry et al. [2] , may have an impact on a building's environmental performance (e.g., thermal comfort, energy consumption) especially for rural houses. For example, using modern materials, which are usually far from their natural state and require longer transportation distances, will increase the energy intensity of the house.
Archaeological findings indicate that building materials significantly affect architectural form, which further has a certain degree of influence in shaping the space and communication patterns [3] . In earlier times, the types of materials used in architecture were a direct result of the local environment [3] [4] [5] . People used to seek construction materials that were available locally, and as a result they were both economic and appropriate. Apart from this, the choice of materials is also linked to the social and ideological spheres [3] . As Vellinga pointed out [6] , it is impossible to study the house and its cultural meaning without looking at its material aspect.
The use of vernacular construction materials has a long history in different ancient cultures; for example, limestone, granite, and basalt were used to build the Great Pyramid of Giza in Egypt, and limestone and clay were the main materials for the Great Wall in China. The Chinese traditional buildings have illustrated a variety of examples for vernacular construction materials in different climatic regions across the country; for example, houses with rammed earth walls in the cold and dry climate, houses with timber roofing and rubble stone walls in the hot summer and cold winter regions, and bamboo often used in the tropic climate. These materials are locally available and processed. The traditional construction practices were responsive to the climate context, combining with specific passive building design.
From the early 1980s onward, the traditional construction practices in the Chinese rural areas have shown a gradual transformation from locally available materials to modern materials such as concrete, steel, prefabricated roofing sheets, etc. These materials and elements are usually manufactured in factories and sold in a commercialized construction materials market. This may have a significant adverse impact on energy consumption in Chinese rural areas. Given the huge volume of the rural building stock in China, the transition from vernacular materials to modern materials is thus worth of examining in depth.
The phenomenon of rural transitions in less developed countries and economies is yet to be recognized for its potentially significant impact on the environment [1] . Little research has been undertaken to model life cycle material and energy flows for rural buildings in China, let alone that of tracking the transitions between construction materials that have been used at different times. Studies have been typically focused on either the national total building stock [7, 8] or highly developed urban settlements [9] [10] [11] . There is no retrospective research found in the published literature that elaborates the correlations between indoor thermal comfort and embodied energy input over a transitional period in rural areas in China. This paper explores a case study village in China and discusses how material transitions would affect indoor thermal comfort and embodied energy consumption in rural houses.
Transitions of Construction Materials in Rural Areas in China
The 2009 Annual Report of China Building Energy Efficiency [12] estimated that the rural building area was around 22.1 billion square meters (sq.m), accounting for 56% of the national total building stock. The energy consumption of rural buildings had increased between 1999-2008 at an annual growth rate of 5.6% and reached 924.6 billion kWh in 2011, which was more than twice the urban residential energy use, and it represented approximately 40% of the total consumed energy [13] . Such a remarkable increase can be mainly attributed to two factors: the increase of housing area per capita, and the increase of living standards. According to the China National Bureau of Statistics (CNBS), from 1980 to 2010, per capita floor space of the residential building in the rural area has been increased from 9.4 sq.m to 34.1 sq.m [14] , which is nearly four times higher. Furthermore, more household electric appliances have become affordable for rural families; for example, 25.36% of rural households owned an air-conditioning system in 2012, which had increased from only 1.32% in 2000 [14] . It should be noted that the embodied energy was not involved in the estimate, which was used for manufacturing construction materials. As synthesized by Yang and Kohler [8] , the ratio of the building operational energy to the national total energy consumption varied between 17.7% and 27.0%. If the embodied energy in the building material is taken into account, the percentage would be over 45% [15] .
The housing conditions of rural households are recorded in the Chinese Statistical Yearbooks. Information about the per capita floor area of reinforced concrete structured and brick-timber structured rural housing has been released since 1985. As indicated in Figure 1 , there was a clear shift away from vernacular building materials from 1985 to 2012, that is, from stone, timber, and mud to modern materials (e.g., concrete and brick) for structure construction. In 1985, around 47% of rural housing was built with traditional materials, and this ratio was reduced to 10% in 2012 [14] . The ratio of the concrete structure was increased from 2% to 46% in the same period. The ratio of the brick-timber structure was around 51% in 1985, and then gradually went up to 55% in 1990. The attractiveness of the brick-timber structure has faded since then, and around 44% of the rural housing was built with the brick-timber structure in 2012. Figure 2 shows the different materials used for structure in terms of newly built rural housing in each year. In 1985, 27% of the new rural buildings were constructed with traditional materials, 8% were constructed with concrete, and 65% were constructed with brick-timber. The ratio of concrete structure for new rural buildings in 2012 was increased to 73%, and 25% for brick-timber structures. Only 2% of the new rural housing in 2012 still adopted traditional materials.
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Embodied Energy (EE) of Buildings
An important measure of evaluating the environmental performance of construction materials is provided by the concept of 'embodied energy' (EE), which describes the amount of energy used to produce a material or a building element. We can refer to the embodied energy of a brick, a window, or of a whole building. Embodied energy can be further divided into two types: initial embodied energy, and recurring embodied energy [16] . Initial embodied energy is the energy incurred for the first installation of a building. In addition, there is a large variety of materials being used in a building, while some of them may have a lifespan that is less than that of the building. Hence, they need to be replaced during the lifetime of the building. The energy embodied in the materials for such replacement and maintenance refers to recurring embodied energy.
The embodied energy input is generally affected by several factors. First, the greater the number of processes that a material or set of components have to go through, the higher their embodied energy and the number of associated waste products will be. Thus, we prefer to choose materials and components that are as close to their natural state as possible. Second, transportation can significantly affect embodied energy input. The further that a material has to travel, the greater the energy that is used in its transport. For example, BedZED, the world's first zero energy development, required that all of its materials ideally be sourced from within a 35-mile radius of the site where possible [17] . Third, the longer the service lifetime of a building, the lower the embodied energy impact annualized over its lifespan will be. Lastly, the less periodic replacement and maintenance of a material or a component during the life of a building, the lower the recurring embodied energy input will be.
From the perspective of building lifespan, a building can be generally classified into three phases: pre-occupation, post-occupation, and demolishment. Pre-occupation often refers to embodied energy, which involves the energy used for material extracting, manufacturing and assembling, the conveyance of materials from plants to construction sites, and energy used for the construction process. The post-occupancy phase involves the operation of the building, i.e., heating, cooling, and maintaining it. The demolishment phase involves the demolishment of a building and the rate of material recycling. A full life cycle analysis (LCA) involves the above three phases, addressing building environmental performance from upstream (extraction, production, transportation) to downstream (decommissioning and disposal), and usually performs at two spatial levels: individual materials, and whole buildings. Past studies indicated that EE was around 20% of the total life cycle energy consumption in modern buildings [7, 18] . In China, the building life cycle analysis study usually focuses on urban buildings. For example, Deng et al. [9] estimated that the embodied energy used for the manufacturing of initial construction materials constitutes 20% in a Chinese urban small residential district with 462 households. Gu et al. [19] also gave a similar percentage; he estimated that the embodied energy consumption constitutes 20% of the lifespan consumption in a study of a single residential building in Beijing.
Material Transitions in the Case Study Village
Qinyong village is located in southeast Ningbo China, which is about 20 km away from the city center. It has 595 households, with a total population of 1287. The total area of the village is 6.6 km 2 , including 5.5 km 2 of mountain area and 0.54 km 2 of farmland. The village is surrounded by the mountains.
The existing building stock in Qinyong village can be generally categorized into three phases. Figure 3 shows the configuration of the village, which is clearly defined by internal roads. On the left of the village main road are three rows of terraced housing units, which were built in the 1970s (Phase 1 house). On the right is a long row houses with a duplex setting that were completed in the 1980s (Phase 2 houses). To satisfy the growing demand for housing, the third phase of the village housing development was developed in the 1990s just outside the western boundary of the village. The existing building stock in Qinyong village can be generally categorized into three phases. Figure 3 shows the configuration of the village, which is clearly defined by internal roads. On the left of the village main road are three rows of terraced housing units, which were built in the 1970s (Phase 1 house). On the right is a long row houses with a duplex setting that were completed in the 1980s (Phase 2 houses). To satisfy the growing demand for housing, the third phase of the village housing development was developed in the 1990s just outside the western boundary of the village. The Phase 1 housing development started in 1975, with support from the higher-level government, to forge a model of a 'new socialist rural village'. All of the houses were identical in terms of area, layout, and materials used for construction in order to reflect equalitarianism, collectivism, and self-reliance. These houses are terraced and lined up in a row that was 43 m in length and 11 m in width. Each row has 12 units defined by the structural interval of column bays. Each household would occupy one unit, with a total area of 96 m 2 , including a two-storey main living component and a one-storey auxiliary space ( Figure 4 ). The houses comprise four main materials: natural stone is used to build the wall, timber purlin and rafter are used to support the roof, clay tile is used for roofing, and exposed concrete is used for flooring. The reason for choosing stone as the main structural material is straightforward. A stone quarry is located 3 km southwest from the village. Stone was used not only for buildings, but also for bridges in this village, representing a unique local practice attributed to its position within the landscape. Using local resources is an indication of self-reliance and collectiveness. Except for a small portion of cement and glass, all of the materials were sourced locally and were processed by local villagers. For example, all of the timber doors and structures were made by a local carpentry team, and the transportation of stone was done by the villagers themselves, sometimes with shoulder poles.
The Phase 2 housing project was built in the 1980s, when China has entered a new era. The country has been gradually liberated from Marxist doctrinarism, and market elements have been introduced. As the collective agriculture came to an end in the late 1970s and early 1980s, a household-based farming system was introduced to replace team production in rural China. This shift not only restructured the political and economic system of the village, but also led to the further transformation of the housing development from the 1980s onwards [20] . The change is evident in the housing projects built in the 1980s and the 1990s. Rather than providing a long rectangular block The Phase 1 housing development started in 1975, with support from the higher-level government, to forge a model of a 'new socialist rural village'. All of the houses were identical in terms of area, layout, and materials used for construction in order to reflect equalitarianism, collectivism, and self-reliance. These houses are terraced and lined up in a row that was 43 m in length and 11 m in width. Each row has 12 units defined by the structural interval of column bays. Each household would occupy one unit, with a total area of 96 m 2 , including a two-storey main living component and a one-storey auxiliary space (Figure 4) . The houses comprise four main materials: natural stone is used to build the wall, timber purlin and rafter are used to support the roof, clay tile is used for roofing, and exposed concrete is used for flooring. The reason for choosing stone as the main structural material is straightforward. A stone quarry is located 3 km southwest from the village. Stone was used not only for buildings, but also for bridges in this village, representing a unique local practice attributed to its position within the landscape. Using local resources is an indication of self-reliance and collectiveness. Except for a small portion of cement and glass, all of the materials were sourced locally and were processed by local villagers. For example, all of the timber doors and structures were made by a local carpentry team, and the transportation of stone was done by the villagers themselves, sometimes with shoulder poles.
The Phase 2 housing project was built in the 1980s, when China has entered a new era. The country has been gradually liberated from Marxist doctrinarism, and market elements have been introduced. As the collective agriculture came to an end in the late 1970s and early 1980s, a household-based farming system was introduced to replace team production in rural China. This shift not only restructured the political and economic system of the village, but also led to the further transformation of the housing development from the 1980s onwards [20] . The change is evident in the housing projects built in the 1980s and the 1990s. Rather than providing a long rectangular block that equally divides each housing unit, the layout of the Phase 2 houses adopted a duplex setting ( Figure 5 ). The latter is characterized by each two households equally share one plot of land, with a common wall in the middle. Traditional materials started to give way to modern materials; for example, baked bricks and cement plasters were used for the wall, and aluminum was substituted for timber. However, it is noticed that natural stone was still used for the foundation, and the roofing materials were still unchanged.
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To house the growing population, the Phase 3 development was completed in the 1990s, and was located outside the western boundary of the village. The third phase of the village housing development generally kept a similar layout and composition to that of the Phase 2 houses (Figure 6 ). Yet, the stone foundation was removed and replaced with concrete blocks. Glass was widely used to improve transparency: larger windows, and even the courtyard, were often covered by a glass roof. The traditional roofing materials of timber rafters and clay tiles were replaced with cast in situ concrete slabs. The materials used in the Phase 3 houses were identical to those of urban dwellings.
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Indoor Thermal Comfort
ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning Engineers) Standard 55 (2010) stated there are six primary factors affecting thermal comfort: metabolic rate, clothing level, air temperature, radiant temperature, airspeed, and humidity. Fanger's model, predicted mean votes (PMV), is the main tool to evaluate indoor thermal comfort today. PMV combines four physical variables (air temperature, mean radiant temperature, humidity, and air movement) with a certain level of clothing and activity level on a thermal sensation scale (Table 2 ). ASHRAE Standard 55 (2004) recommended the design thermal environmental for comfort to have PMV values between −0.5 and 0.5. In reality, PMV values between −1 and +1 is also acceptable. The Integrated Environment Solutions (IES) program is used to evaluate the PMV values of the selected houses from each of the three development phases in Qinyong. Revit models are created and imported into IES (Figure 7 : example model of a selected house in Phase 1). Construction materials used for simulations are kept the same as indicated in Table 1 . The U-values of the building fabrics derived from IES simulation are shown in Table 3 . the members of a family to possess the required techniques to chop the stones and lay them properly. The massive use of local materials is a phenomenon that can only take place in a collective effort.
ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning Engineers) Standard 55 (2010) stated there are six primary factors affecting thermal comfort: metabolic rate, clothing level, air temperature, radiant temperature, airspeed, and humidity. Fanger's model, predicted mean votes (PMV), is the main tool to evaluate indoor thermal comfort today. PMV combines four physical variables (air temperature, mean radiant temperature, humidity, and air movement) with a certain level of clothing and activity level on a thermal sensation scale (Table 2) . ASHRAE Standard 55 (2004) recommended the design thermal environmental for comfort to have PMV values between −0.5 and 0.5. In reality, PMV values between −1 and +1 is also acceptable. The Integrated Environment Solutions (IES) program is used to evaluate the PMV values of the selected houses from each of the three development phases in Qinyong. Revit models are created and imported into IES (Figure 7 : example model of a selected house in Phase 1). Construction materials used for simulations are kept the same as indicated in Table 1 . The U-values of the building fabrics derived from IES simulation are shown in Table 3 . The simulation conditions and settings are kept the same so that comparisons can be undertaken among the three example houses. For example, the same number of occupants and a light power intensity are set for internal heat gains, and there are no active systems to provide cooling and heating.
The PMV evaluation indicates that all of the houses are significantly uncomfortable in the winter time without assisting from active systems such as air conditioning and heaters. The average PMV values of the upper floor at 12 p.m. on the 22th of every month are shown in Figure 8 and Table 4 . The upper floor of the houses was used to accommodate two bedrooms. It is indicated that without active systems, thermal discomfort exists from November to March in all of the houses examined. In this period, the PMV values are all out of the range of the thermal satisfaction scale, particularly the coldest months from December to February with records of PMV values lower than −2. The Phase 1 house has slightly lower PMV values than the other two phases. The main reason is the higher U-values of the walls and windows, and more significantly, the house is not air-tightened due to the stone structure; thus, more heat is lost by infiltration through small cracks and gaps in the envelope. The Phase 2 house performs the best in cold months, since it has a better insulating performance in the walls and roof (See Table 3 ). Overall, all three houses are away from the thermal comfort range without active heating in the winter. Thermal comfort in the summertime is a bit better; however, in July and August, the values are still out of the comfort range. It should be noticed that the Phase 1 house performs the best in the summertime. This is again due to the properties of stone structure, which has a higher infiltration and is not a 'heat sink' as concrete is. The simulation conditions and settings are kept the same so that comparisons can be undertaken among the three example houses. For example, the same number of occupants and a light power intensity are set for internal heat gains, and there are no active systems to provide cooling and heating.
The PMV evaluation indicates that all of the houses are significantly uncomfortable in the winter time without assisting from active systems such as air conditioning and heaters. The average PMV values of the upper floor at 12 pm on the 22 nd of every month are shown in Figure 8 and Table 4 . The upper floor of the houses was used to accommodate two bedrooms. It is indicated that without active systems, thermal discomfort exists from November to March in all of the houses examined. In this period, the PMV values are all out of the range of the thermal satisfaction scale, particularly the coldest months from December to February with records of PMV values lower than −2. The Phase 1 house has slightly lower PMV values than the other two phases. The main reason is the higher Uvalues of the walls and windows, and more significantly, the house is not air-tightened due to the stone structure; thus, more heat is lost by infiltration through small cracks and gaps in the envelope. The Phase 2 house performs the best in cold months, since it has a better insulating performance in the walls and roof (See Table 3 ). Overall, all three houses are away from the thermal comfort range without active heating in the winter. Thermal comfort in the summertime is a bit better; however, in July and August, the values are still out of the comfort range. It should be noticed that the Phase 1 house performs the best in the summertime. This is again due to the properties of stone structure, which has a higher infiltration and is not a 'heat sink' as concrete is. Overall, there is no significant difference in indoor thermal comfort among the three phases. Efforts to improve winter thermal comfort in the Phase 1 house are observed; for example, concrete plasters were used to clad the external wall surfaces in some houses (Figure 9 ), thereby improving the airtightness of the construction. A survey is conducted to explore users' perception toward thermal comfort in the Phase 1 house. Most grumble about the cold winter and the energy costs for using air-conditioning and heaters. By contrast, they are less dissatisfied with the summer conditions. One issue that is not seen from the PMV evaluation is humidity. In Ningbo, there is a plum rain season from early June to the middle of July. During this period, the value of relative humidity may reach 90%. The stone surface is moist and might cause mold. Although thermal comfort is similar among the three phases (Phase 1 is even better in the summertime), most of the occupants are willing to move out of the Phase 1 house. They believe that modern materials that can improve the comfort level, in their perception. Overall, there is no significant difference in indoor thermal comfort among the three phases. Efforts to improve winter thermal comfort in the Phase 1 house are observed; for example, concrete plasters were used to clad the external wall surfaces in some houses (Figure 9 ), thereby improving the airtightness of the construction. A survey is conducted to explore users' perception toward thermal comfort in the Phase 1 house. Most grumble about the cold winter and the energy costs for using air-conditioning and heaters. By contrast, they are less dissatisfied with the summer conditions. One issue that is not seen from the PMV evaluation is humidity. In Ningbo, there is a plum rain season from early June to the middle of July. During this period, the value of relative humidity may reach 90%. The stone surface is moist and might cause mold. Although thermal comfort is similar among the three phases (Phase 1 is even better in the summertime), most of the occupants are willing to move out of the Phase 1 house. They believe that modern materials that can improve the comfort level, in their perception. 
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Phase
Estimates of Embodied Energy Consumption
One house is selected from each of the three development phases to conduct the analysis of the EE consumption. The estimate of EE consumption is limited to the envelope elements, including walls, floors, and roofs. Material consumption related to internal decoration such as timber flooring and ceramic flooring is excluded. Data related to the types of materials and building parameters are observed and measured on site. Revit models are created to generate material take-off sheets. These sheets show the quantity of each material in volume (m 3 ), which can be then converted to materials weight (kg).
A literature review revealed very little information associated with the energy intensities of Chinese construction materials [9, 21] . The University of Bath's Inventory of Carbon and Energy (ICE) database [22] is adopted as a proxy to analyze the embodied energy of the envelope materials. Table 5 shows the EE consumptions of each house, and the average embodied energy per floor area. Given a lifespan of 50 years, it can be seen that the annualized EEs consumed for the houses are 21.88 kWh/m 2 , 28.04 kWh/m 2, and 32.03 kWh/m 2 , respectively. The Phase 1 house has the lowest EE input as its main structural materials are stones, which require little processing and transportation. The Phase 3 house has the highest EE input, which was almost 1.5 times more than the Phase 1 house, and 1.1 times more than the Phase 2 house, since more concrete is used in the envelope. 
Discussion
The use of construction materials from the 1970s to the 1990s in Qinyong village shows a gradual trend of moving away from traditional construction practice. Such transitions have not necessarily led to the improvement of indoor thermal comfort. The existence of thermal discomfort throughout a year has been identified, according to the PMV simulation results. Without active systems, the average PMV values of the three houses are all out of the range of indoor comfort in both summer and winter. The average PMV values in summer range from 1.0619 to 1.2620, showing a better thermal indoor environment than winter, in which the PMV values range from −2.0883 to −2.2667. In summer, the phase 1 house performs the best, with the lowest PMV value of 1.0619, due to the higher infiltration and the low solar heat absorption of the stone structure. In winter, the Phase 2 house has the best thermal performance, with an average PMV value of −2.0883 due to its better insulating performance in the walls and roof. In the transition periods, i.e., April, May, and October, all the three phases have an acceptable indoor thermal environment, as the average PMV values are within the range between −1 and +1, and in particular, the comfort level in May and October fully satisfies the ASHRAE requirement, with the PMV values between −0.5 and 0.5. Generally, the material transition from a stone to a concrete structure has not significantly improved the indoor thermal comfort. On the other hand, the transitions have significantly increased the EE input, from 21.88 kWh/m 2 to 28.02 kWh/m 2 , and then to 32.03 kWh/m 2 , or in percentage ratios, increases of 30% and 50%, respectively. The Phase 1 house has the lowest EE consumption, since the main construction materials used are natural stones and timber rafters. The baked brick structure was used in the Phase 2 house. However, it still keeps some natural materials; for example, natural stones were used for the ground floor foundation, and timber rafters were used to support the roof. The Phase 3 house fully replaced these natural materials with reinforced concrete. It is not a surprise that the Phase 3 house has the highest EE consumption. Linking back to the indoor thermal comfort of the three phases, the examination of the associated embodied energy indicates that the indoor comfort has not been improved equally, with a significant increase of EE consumption in the case study village. Table 6 provides several case studies of traditional houses with respect to EE consumption. The EE consumption of a wood house in Sweden had a similar EE value to the Phase 2 house. The Phase 1 house and the clay house in Indonesia had relatively low EE values, since rubble stone and clay are extracted manually from nature, which requires little processing. The adobe house in India and the Phase 3 house had relatively high EE consumption, since adobe (made of cement, sand, and soil) and concrete are produced in manufactories, and thus are relatively energy intensive. The survey shows that the residents of the Phase 1 house preferred to move into the houses built at the later stages. However, the thermal comfort had not been increased equally with the increase of embodied energy in Phase 2 and Phase 3 houses. From the 1980s onward, a strong trend appears of adopting a concrete construction in rural China. However, this transition of changing local materials to modern ones, and the related environmental impact, have not been well regulated in the past three decades. The energy efficiency in rural buildings is still largely overlooked in building codes. Not until 2013 was the first national building energy code for rural buildings-the Design Standard for Energy Efficiency of Rural Buildings-issued by the Ministry of Housing and Urban-Rural Development (MoHURD). The MoHRUD has set up an annual inspection system to check the compliance rate of building energy codes. However, the inspection has been focused on new medium and large building construction projects, which are located exclusively in urban areas [26] . A comprehensive policy package of incentivizing energy conservation to regulate rural buildings is still lacking.
The majority of rural building stock was completed before 2013. Rural buildings consume more energy than urban buildings to achieve a similar level of comfort [27] , most of which were built without insulation, and thus provide little resistance to heat loss and cause thermal discomfort. Many of them were built on the same land plot by simply dismantling the original constructions. Traditional constructions have entirely disappeared in many villages. In this regard, Qinyong is lucky, as the rubble stone houses have been well preserved and are still being used, offering an opportunity for observing the transitions of buildings in the village over the past three decades. The Phase 2 and Phase 3 houses, representing the common construction practice in the 1980s and the 1990s in the Chinese rural area, are not thermally comfortable largely for two reasons: the absence of insulation, and the lack of active heating and cooling systems. This is also observed by a few other studies [28] [29] [30] . Moreover, these buildings have passed half of their designated lifespan (50 years); some of them need regular maintenance. Opportunities exist to increase the indoor thermal comfort in these buildings, such as for example, adding insulation and optimizing solar entry.
Conclusions
This study investigates the correlations between the thermal comfort and the embodied energy input of the houses built in different periods of time in the case study village. The study has found that:
•
In summer, the Phase 1 house has a better thermal performance than the Phase 2 house, as the PMV values have increased from 1.0619 to 1.2620, although the EE input has an increase of 28%. The Phase 3 house is 14% higher with EE input than the Phase 2 house; however, the thermal comfort has been only improved slightly, with the average PMV values increased from 1.260 to 1.1849.
In winter, all three houses are away from the thermal comfort range without active heating in winter. It should be noted that the EE input of the Phase 2 house is 14% lower than the Phase 3 house, which was fully built with modern materials. However, the thermal comfort of the Phase 2 house still was better than the Phase 3 house.
Overall, the key finding from this research is that the buildings completed in the 1980s and the 1990s in Chinese rural areas are not thermally comfortable and may need to be given special attention in future thermal retrofitting plans. Furthermore, dismantling traditional houses to give way to new houses with modern materials is not the way to improve indoor thermal comfort. Retrofitting them with suitable active and passive design strategies will benefit the environment as well as reduce construction costs. In the Phase 1 house, adding insulation on the external roof and wall, increasing airtightness, optimizing window sizes, and installing solar thermal collectors are all measures that increase the indoor comfort.
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